Immunotherapy with checkpoint inhibitors has transformed the treatment of cancer, but frequently results in immune-mediated adverse events affecting multiple organs, amongst which endocrine adverse events are frequent. The patterns of endocrine adverse events differ between inhibitors of the CTLA-4 and PD-1/PD-L1 pathways, but most frequently involve the thyroid and pituitary with insulin deficient diabetes also emerging as an important adverse event. These frequently result in long-lasting hormone deficiency requiring replacement. This review explores the mechanism of action of checkpoint inhibitors and details the expected endocrine adverse events and typical presentations. The effect of high-dose glucocorticoids therapy to treat nonendocrine adverse events is also discussed.
Introduction
Immunotherapy with immune checkpoint inhibitors (ICIs) has transformed the treatment of cancer by harnessing the power of the immune system. ICIs inhibit the immunological pathways that control T-cell activation or anergy. 1 There are two classes of ICIs currently licensed: those that inhibit cytotoxic T-cell lymphocyte antigen-4 (CTLA-4) pathway, for example ipilimumab, and those that inhibit the program death-1 receptor or ligand (PD-1 or PD-L1) pathways, for example atezolizumab, durvalumab, nivolumab and pembrolizumab.
CTLA-4 is expressed on T cells and competes against CD28 to bind the co-stimulatory molecule B7 on antigen presenting cells. CTLA-4 does not produce a stimulatory signal, thereby counteracting the activating CD28/B7 and T-cell receptor/ major histocompatibility complex pathways, inhibiting T-cell function. CTLA-4 blockade supports activation and proliferation of effector T cells and reduces immunosuppressive regulatory T cells. 2 PD-1, also a member of the CD28/B7 family, is expressed on T cells. Binding of its ligands inhibits T-cell proliferation, immunostimulatory cytokine production and T-cell survival. Blockade of PD-1 or PD-L1 influences the effector phase of the immune response to restore the function of T cells in the periphery. 2 The potential of ICIs was first demonstrated in malignant melanoma where ipilimumab, and then the combination of nivolumab and ipilimumab, were found to dramatically improve survival as a first-line treatment for metastatic disease. 3 Meanwhile, single-agent immunotherapy or a combination of chemotherapy and immunotherapy is now the standard of care for patients with advanced stage non-small cell lung cancer and adjuvant immunotherapy improves survival for patients undergoing radical chemoradiotherapy for locally advanced disease. 4 As our understanding of how best to use ICIs increases, their role has expanded to include the treatment of a range of malignancies including bladder, breast and renal cancer, as well as lymphomas. It is not an overstatement to say that in the future, immunotherapy will be an integral part of the treatment of most cancers.
Initiation of checkpoint therapy is often associated with immune-related adverse events (irAEs).
Multiple organs can be affected in immunemediated reactions including colitis, hepatitis, dermatitis and pneumonitis amongst others, whilst occurrence of classic autoimmune syndromes such as sarcoidosis are also described. 5, 6 The majority of irAEs are manageable and reversible, although corticosteroid or other immunosuppressive therapy may be required. However severe life-threatening irAEs may also occur. 7, 8 Toxicities are graded according to the Common Terminology Criteria for Adverse Events system, and highergrade toxicities may necessitate withholding ICIs and administering high-dose corticosteroids until improvement followed by slow tapering of corticosteroids. 8, 9 However, these criteria were mainly developed to grade the toxicity of cytotoxic chemotherapy and may not always be relevant to longterm endocrine sequalae, for example the criteria for different grades of hyperglycaemia do not match the diagnostic criteria for diabetes.
The pathways targeted by current ICIs, CTLA-4 and PD-1/PD-L1 are known to be involved in innate autoimmunity in both thyroid disease 10 and diabetes. 11 It is therefore perhaps not surprising that blockade of these pathways promotes the development of endocrinopathy that resembles natural autoimmune endocrine disease (Figure 1) . Furthermore, earlier attempts to modulate the immune system in cancer, through interferon and interleukin-2 have also resulted in endocrine dysfunction. 12, 13 However, there are also important differences from the common endocrine presentations that will be highlighted in this review.
Endocrine toxicities of ICIs are amongst the more common irAEs described, predominantly thyroid and pituitary dysfunction, but diabetes resembling type 1 diabetes has also been well described. 14, 15 Unlike other irAEs, disruption of the endocrine system tends to be irreversible and lead to a need for lifelong hormone supplementation. The protean symptoms of endocrine dysfunction can lead to hospitalization and death if not recognised early. Thus, clinicians need to be alert to the signs and symptoms of the likely endocrine consequences of ICIs, whilst endocrinologists need to be aware of the likely patterns of endocrine dysfunction.
Given that many nonendocrine irAEs are managed with high-dose corticosteroids, 8, 9 consideration also needs to be given to the management of side effects of high-dose glucocorticoid treatment, including hyperglycaemia, osteoporosis and the risk of adrenal suppression.
Thyroid
The thyroid gland is the endocrine organ most commonly affected by ICI therapy. Determining the frequency of thyroid abnormalities from trials can be challenging due to a variety of definitions used. 16 Several large retrospective reviews, however, have shown around 30% of patients with a variety of primary malignancies develop thyroid dysfunction following ICIs. [17] [18] [19] Thyroid dysfunction is most common following combination therapy with PD-1 and CTLA inhibitors, followed by PD-1/PDL-1 alone and least common with ipilimumab monotherapy. 15, 20 Both hyperthyroidism and hypothyroidism are described, presumed due to an immune-mediated destructive thyroiditis. Hyperthyroidism occurs earlier in therapy, and is usually transient with a high incidence of subsequent hypothyroidism, although this is not universal. 17, 18 Hypothyroidism can develop either after hyperthyroidism, or de novo, and usually occurs later. 21, 22 Most patients with frank hypothyroidism require thyroid hormone replacement and recovery seems a relatively rare occurrence once clinically overt hypothyroidism has developed, 18 although it is described in those with subclinical hypothyroidism only. 17 Notably, despite the presumed immune mediated process, the proportion of patients with positive thyroid peroxidase antibodies is far lower than observed in Hashimoto's thyroiditis, ranging from 18% to 45% in more recent studies. 18,23 Several studies, however, have reported an association between thyroid autoimmunity at baseline, as manifested by positive thyroid autoantibodies, and subsequent risk of ICI induced thyroid dysfunction 24,25 although results differ as to whether thyroid peroxidase or thyroglobulin antibodies show this association. Some studies report that a higher level of thyroid-stimulating hormone (TSH) at baseline also predicts subsequent thyroid dysfunction. 17, 25 There are also cases of Graves' disease and thyroid eye disease occurring in combination or alone, mostly in patients treated with the CTLA-4 inhibitor ipilimumab. 26-31 Amongst those cases reporting iodine or technetium uptake it was increased, although reports of TSH-receptor antibodies were inconsistent.
Management
The product specifications for ICIs recommend regular monitoring of thyroid dysfunction, so many patients are diagnosed on the basis of abnormal thyroid function tests rather than in response to symptoms. Indeed, many patients are asymptomatic, although typical symptoms of both hyperthyroidism and hypothyroidism are described, and clinical correlation of abnormal results is required; for example, a low TSH result in the presence of normal FT4 and FT3 must be carefully interpreted to differentiate between asymptomatic primary hyperthyroidism or secondary hypothyroidism (see below).
In hyperthyroidism antithyroid drugs are rarely required, although guidelines suggest the use of beta blockers in symptomatic patients, 32 but there is a role for antithyroid drugs where Graves' disease is possible, for example in the presence of orbitopathy or persistent thyrotoxicosis. Glucocorticoids may be required in the rare situation of a painful thyroiditis. Interestingly, although hyperthyroidism frequently progresses to hypothyroidism, there are reports that those treated with glucocorticoids for other immune related events may not progress. 17, 25 High-dose glucocorticoid treatment may also be required in those individuals that develop severe orbitopathy owing to Graves' disease. Whilst thyroiditis can usually be readily distinguished from Graves' disease based on clinical presentation and time course, TSH receptor antibodies, technetium uptake or doppler ultrasonography may have a role in selected cases.
Hypothyroidism is managed with levothyroxine replacement with standard approaches, and most guidelines recommend a similar approach to sporadic thyroid disease, with treatment in the case of a low T4 or persistently raised TSH more than twice the upper limit of normal. 9 In general, ICI therapy should not be stopped in cases of thyroid irAEs, although interruption of treatment may be required in cases of severe thyrotoxicosis, and cases of severe thyroid eye disease.
Once hypothyroidism has developed, follow-up should be on the same basis as other causes of hypothyroidism and specialist endocrine input may not be required for uncomplicated hypothyroidism.
Pituitary
Pituitary irAEs have also emerged as an important and potentially life-threatening toxicity. With increasing experience, it seems there are two distinct patterns of pituitary involvement. The CTLA-4 inhibitor ipilimumab alone or in combination with a PD-1 inhibitor causes a condition closely resembling lymphocytic hypophysitis, with frequent enlargement of the pituitary and often multiple pituitary hormone deficiencies. [33] [34] [35] [36] [37] [38] [39] [40] The PD-1 and PD-L1 inhibitors less commonly affect the pituitary, and when they do, it most frequently results in isolated adrenocorticotropic hormone (ACTH) deficiency. 41, 42 Both conditions, however, are referred to in the literature and in clinical trials as hypophysitis. In this article, we refer to 'ipilimumab induced hypophysitis' and 'isolated ACTH deficiency' to separate these presentations. Hypophysitis is being reported with increasing frequency, likely due to the increasing use of ICIs, but probably also reflecting increased recognition. 43 Ipilimumab-induced hypophysitis has been described following treatment of patients with melanoma and renal cancer, although most reports and series are based on use in melanoma. Although the reported incidence has varied between trials, a recent meta-analysis showed an incidence of 5.6% in patients treated with ipilimumab monotherapy, and 8.8-10.5% treated with a combination of ipilimumab and nivolumab; 20 although a previous analysis suggested slightly lower figures, the incidence was still highest after combination therapy. 15 Some case series have shown an increased risk in men and with older age. 35, 44 Hypophysitis is a relatively late side effect of ipilimumab, generally occurring after the third or fourth cycle of treatment, 34 with a median time of onset of 83 days, with no difference in those receiving combination therapy. 21
Whilst many patients present with signs or symptoms of endocrine dysfunction, headache is frequently described, 35, 36, 45 and some patients have pituitary enlargement on magnetic resonance imaging (MRI). 36, 44, 46 Visual field defects, however, seem to be rare. Pituitary imaging, usually with MRI, is recommended, especially in patients presenting with headache or visual disturbance, not only to assess pituitary enlargement, but also to rule out pituitary metastases as an alternative cause of hypopituitarism.
ACTH deficiency is the most common endocrine abnormality, with TSH and gonadotrophin deficiency also common. 35, 36, 44, 45 Prolactin levels are variable. Diabetes insipidus seems to be a rare occurrence. 47 Two studies have shown that a fall in TSH predicts the development of hypophysitis, 44, 48 but this has not been validated prospectively.
An autopsy series supports an immune basis for hypophysitis, with T-cell infiltrates and IgG immunofixation in affected pituitaries, 33 whilst direct pituitary expression of CTLA-4 was also found, a finding confirmed in a mouse model where hypophysitis could be induced by ipilimumab even without the presence of a cancer. 49 In contrast, patients receiving a PD-1 or PD-L1 inhibitor alone have a much lower risk of pituitary involvement 15 When hypophysitis is suspected, a diagnosis of secondary hypothyroidism is made when low TSH level is found in the presence of low and even normal free T4 and free T3. It is important to highlight that treatment with levothyroxine must take place only after hypocortisolism has been excluded. It can be difficult to distinguish sick euthyroid syndrome from secondary hypothyroidism, especially in unwell patients owing to the malignancy or other irAEs, so clinical correlation is critical.
Other hormone replacement including oestrogen or testosterone could be considered when safe and clinically indicated. Growth hormone replacement will usually be contraindicated owing to the malignancy, so detailed assessment of this axis is not helpful. There are reports of normalization of thyroid axis and gonadotrophins after treatment withdrawal, 44 but secondary adrenal insufficiency usually persists.
Patient education is vital, especially around sick day rules and treatment of adrenal crisis, particularly given the risk of other irAEs, for example colitis causing diarrhoea.
Diabetes
ICI treatment may lead to pancreatitis affecting endocrine and exocrine pancreatic function. A presumed autoimmune-mediated pancreatitis is also described 53 and can result in hyperglycaemia. 54 However, there are now multiple case reports in the literature of new onset insulinrequiring hyperglycaemia and worsening of hyperglycaemia in patients with pre-existing type 2 diabetes following treatment with PD-1/PD-L1 inhibitors. 55, 56 Although this was reported to be a rare side effect, meta-analysis now reports rates of between 0.4% and 2%, 20 and can occur up to a year into therapy. 57 Many patients present with diabetic ketoacidosis (DKA), and rapid onset of insulin deficiency, termed fulminant diabetes, is often described. 54, [57] [58] [59] GAD and islet antigen 2 antibody positivity is described but is not universal, whilst some reports show the presence of high-risk HLA alleles for autoimmune diabetes. 55 Notably there is no evidence that corticosteroid treatment reverses the insulin deficiency. 60 
Management
Given the rapid onset of insulin deficiency described, all acutely unwell patients receiving ICI should have their plasma glucose checked, with urgent assessment of ketosis and acidosis if hyperglycaemia is detected. DKA should be managed with standard approaches, whilst those with new onset hyperglycaemia without DKA should be commenced on subcutaneous insulin.
As with any new diagnosis of diabetes requiring insulin treatment, prior to discharge, patients must have a system in place to ensure safe and regular administration of insulin. Patients should be referred to the diabetes team, and a diabetes specialist nurse review is crucial to provide initial education. This is particularly important as patients might also receive glucocorticoids that will likely exacerbate hyperglycaemia. Most guidelines recommend continuing the ICI once glucose levels are controlled, 8 although this approach has been challenged given the report of residual beta cell function in a patient presenting with fulminant diabetes after withdrawal of the ICI. 61
Adrenals
Primary adrenal insufficiency post ICI therapy has been seldomly reported, with only a few cases being described in the literature since 2011. It is, however, extremely important to be aware of its occurrence in view of the potentially catastrophic consequences of an unrecognised adrenal crisis. The cases described in the literature were related to treatment with ipilimumab, 62 nivolumab, [63] [64] [65] pembrolizumab 66 and avelumab. 67 On imaging, one patient had adrenalitis with bilateral enlargement of the adrenal glands on a computed tomography (CT) scan, a second case had increased uptake on a positron emission tomography-CT scan, and a third case showed atrophic adrenals on follow-up scan post-diagnosis of adrenal insufficiency with positive CYP21 antibodies. 14 Out of those, three cases presented as adrenal crisis, two were found to have low morning cortisol, and one presented with hyponatraemia. 14 
Management
Distinguishing between primary and secondary adrenal insufficiency is important to determine treatment, since mineralocorticoid (fludrocortisone) replacement may be required in primary adrenal insufficiency, and to guide radiological investigation looking for potential adrenal or pituitary metastasis. Otherwise management of the unwell patient with primary adrenal insufficiency is as per standard approaches.
Parathyroids
Hypoparathyroidism is a rare event and only a few case reports have described its occurrence as an adverse effect of ICI therapy. [68] [69] [70] Management Acute hypocalcaemia can be a medical emergency presenting with neuromuscular irritability and seizures. It should be treated as per general guidelines with intravenous calcium infusion in cases of severe symptomatic hypocalcaemia, and oral calcium replacement in mild to moderate cases. In patients with hypoparathyroidism, active vitamin D (calcitriol) or vitamin D analogue (1-alfacalcidol) is required to maintain calcium homeostasis and skeletal health.
Endocrine consequences of high-dose glucocorticoid use
About one third of patients receiving an ICI will require high-dose glucocorticoid treatment for the management of nonendocrine irAEs 50 and these patients are at risk of glucocorticoid-induced hyperglycaemia and osteoporosis (as well as nonendocrine toxicity of glucocorticoids such as gastritis and infection) that should be managed as per existing guidelines. 71, 72 These patients will also be at risk of adrenal suppression. As multiple irAEs can occur in the same patient, it is possible that some of these patients will also have ACTH deficiency and distinguishing ongoing adrenal suppression from ACTH deficiency as a separate irAE may be challenging.
Conclusion
The advent of ICIs has resulted in many new presentations of endocrine disease (summarized in Table 1 ). Physicians in many medical specialties, especially those in acute medical care and emergency medicine, should be alert to signs and symptoms of ICIs and how to diagnose and treat them. Endocrinologists need awareness of these manifestations to ensure prompt recognition and management of such potentially life-threatening but manageable toxicities of cancer treatment. Many patients do not recover endocrine function 
